Feedbacks that can destabilize the climates of synchronously-rotating rocky planets may arise on planets with strong day-night surface temperature contrasts. Earth-like habitable planets maintain stable surface liquid water over geological time. This requires equilibrium between the temperature-dependent rate of greenhouse-gas consumption by weathering, and greenhouse-gas resupply by other processes. Detected small-radius exoplanets, and anticipated M-dwarf habitable-zone rocky planets, are expected to be in synchronous rotation (tidally locked). In this paper we investigate two hypothetical feedbacks that can destabilize climate on planets in synchronous rotation. (1) If small changes in pressure alter the temperature distribution across a planet's surface such that the weathering rate goes up when the pressure goes down, a runaway positive feedback occurs involving increasing weathering rate near the substellar point, decreasing pressure, and increasing substellar surface temperature. We call this feedback enhanced substellar weathering instability (ESWI). (2) When decreases in pressure increase the fraction of surface area above the melting point (through reduced advective cooling of the substellar point), and the corresponding increase in volume of liquid causes net dissolution of the atmosphere, a further decrease in pressure will occur. This substellar dissolution feedback (SDF) can also cause a runaway climate shift. We use an idealized energy balance model to map out the conditions under which these instabilities may occur. In this simplified model, the weathering runaway can shrink the habitable zone, and cause geologically rapid 10 3 -fold atmospheric pressure shifts within the habitable zone. Mars may have undergone a weathering runaway in the past. Substellar dissolution is usually a negative feedback or weak positive feedback on changes in atmospheric arXiv:1109.2668v1 [astro-ph.EP] 13 Sep 2011 -2 -pressure. It can only cause runaway changes for small, deep oceans and highly soluble atmospheric gases. Both instabilities are suppressed if the atmosphere has a high radiative efficiency. Our results are most relevant for atmospheres that are thin, have low greenhouse-gas radiative efficiency, and have a principal greenhouse gas that is also the main constituent of the atmosphere. These results identify a new pathway by which habitable-zone planets can undergo rapid climate shifts and become uninhabitable.
to stellar flux L * , attenuated by surface albedo α. There is negligible transport of heat below the 115 surface: we assume seas are not globally interconnected (or are shallow, or are deeply buried, or do 116 not exist) and energy flux from the interior is small. noncondensing CO 2 atmosphere on the dry adiabat, with the temperature at the bottom of the 123 adiabat equal to the energy-weighted average T s , and with Earth gravity (9.8 m/s 2 ). Our noncon-124 densing assumption introduces large errors for T s < 175K, so we assume that the top-of-atmosphere 125 effective emissivity OLR/LW↑ at these low temperatures is the same as at T s = 175K.
126
To investigate atmospheres not made of pure CO 2 , we introduce an opacity ratio or relative 127 radiative efficiency Λ, which is the ratio of the radiative efficiency of the atmosphere of interest 128 to that of pure noncondensing CO 2 . Λ is a simplification of the complicated behavior of real gas The horizontally uniform atmospheric boundary layer temperature, T a , is set by the total 142 energy balance of the atmosphere, 
where the integral gives the average flux from the surface. This reduces to T a = 1 /2 π 0 T s (ψ) sin ψ dψ 144 because of our particular choice of LW↓. In effect, we assume that the boundary layer only interacts 145 with the ground through turbulent fluxes.
146
For a given P Λ , we iterate to find T a and T s (ψ). ψ resolution is 5 degrees. The initial 147 condition has the surface in radiative equilibrium, and the atmosphere in equilibrium with this surface temperature distribution. Convergence tolerance is ≈ 2 × 10 −6 .
149
Throughout the paper, we assume k T F = C p (T a )C D U , where C p (T a ) is the temperature- reports sensitivity tests using different values of U .
156
We accept the following inconsistencies to reduce the complexity of the model:-(1) Radiative 157 disequilibrium drives T s to a higher value than T a at the surface, and turbulence can never com-158 pletely remove this difference. Therefore, setting the temperature at the bottom of the atmosphere 159 to the surface temperature will lead to an overestimate of LW↓ at low P . (2) The expression for k T F 
175
Representative temperature plots are shown in Figure 2 , for Λ = 0.1 and L * = 900 W/m 2 .
176
At low pressures, nightside temperatures are close to absolute zero, and substellar temperature is 177 close to radiative equilibrium. Increasing pressure cools ψ < 60 • , and warms ψ > 70 • . This is 178 beause the atmosphere is warmer than the surface on the nightside, and cooler than the surface 179 on the dayside. Therefore, the increase in P (∝ β) increases the β(T s − T a ) term, which warms the 180 nightside, but cools the dayside. For positive Λ, LW ↓ will increase with P and warm the entire the entire surface warms with increasing pressure, and the ESWI and SDF cannot occur.
185
For Λ ≥ 0,T s must increase with P . Even if there is no greenhouse effect, the homogenization of the atmosphere will warm the planet on average because of the nonlinear dependence of 
where W ψ is local weathering rate, W 0 is a reference weathering rate, P is atmospheric pressure, P 0
198
is a reference pressure, T o = 273K is a reference temperature, k ACT = 0.09 is an activation energy area. The planet-averaged weathering rate is
Climate is in equilibrium ( is set by the (P/P o ) term in Equation 5 -for small P , τ ∝ ln(P ) and β ∝ P are small and the
221
atmosphere has little effect on T s . On the intermediate pressure unstable branch -dashed in Figure   222 2 -the atmosphere is important to energy balance but β outcompetes τ . The homogenizing effect of 223 β cools the substellar region, and planet-integrated weathering decreases with increasing pressure.
224
In the high-pressure stable branch, the planet is close to isothermal. given equilibrium value of P on the low pressure branch is more stable at low L * than high L * :-for a dissolve into this warm little pond, approaching Henry's-law equilibrium: is a reference temperature. Here, the first term in brackets is the depth of the pond in global-294 equivalent meters, and the second term in brackets is the mass of gas per unit volume of pond.
295
We have neglected the distinction between fugacity and partial pressure. The pond is assumed to Instability occurs when a decrease (increase) in surface pressure results in an uptake (release) 299 of gases from the pond that exceeds that which is consistent with that change in pressure, i.e.
300
∂P pond ∂P < −1. In this case the feedback has infinite gain (Roe 2009 and precipitation of carbonates or salts (such as sulfates).
325
As an example of SDF, consider the partitioning of an initial 1-bar total inventory of CO 2
326
(blue-green contour labelled '0' in Figure 6 ) with increasing L * . Initially, the planet's surface is 327 below freezing. As stellar flux is increased to 800 W/m 2 , a small sea forms and dissolves some of the ocean covers almost the entire lightside hemisphere, and stores ∼ 5 /6 of the initial CO 2 inventory.
336
Further small increases in L * cause a global ocean. Planets could undergo ESWI early in their history if they form in the unstable region. In addition, drifting over the patch will increase planet-averaged weatherability, and pressure will go down. Climates that approach the unstable zone from below will jump up to the dashed gray line. Climates that approach the unstable zone from above will jump down to the solid gray line. These jumps can be extreme; for example, in (b) the solid gray line is everywhere < 0.001 bars (and so is not visible). See the text for discussion of the speed of jumps. The hysteresis loop does not exist for high L * and and high Λ, and so the thick gray lines vanish towards the right of (d). The thin lines correspond to previously-described challenges to habitable-zone climate stability: moist runaway greenhouse (thin solid line); nightside atmospheric condensation of CO 2 (dash-dotted line); boiling of surface water (thin dashed line). The jump in pressure due to ESWI can cause a runaway wet greenhouse (for a jump upwards in P ), or a decrease in P to the triple point of water (for a jump downwards in P ). To account for microclimates and solid-state greenhouse effects, we conservatively define "P < triple point" as "P < 1 mbar", which is below the boiling curves in .-Substellar dissolution feedback, for CO 2 /seawater equilibria, Λ = 0.03 (note that Λ = 0.03 is unrealistically low for all-CO 2 atmospheres), and a 100km-deep ocean. The vertical axis is P . Colored solid lines correspond to log10(P + P pond ), i.e. the sum of the atmospheric and ocean inventory. Where these are equal to P , there is no ocean. Fractional ocean coverage is shown by the red dashed contours (contour interval is 0.1 in units of planet fractional surface area). Because nightside temperature is constant, fractional ocean coverage jumps from 0.5 (hemispheric ocean) to 1.0 (global ocean). The outermost black line encloses the area where SDF is a positive feedback on small changes in P . Outside this area, < -1 (runaway). Runaways can only occur for deep oceans and small pond area.
